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Abstract 


From a review of the literature it appears that only a limited number of data 
aré available on the influence of soil characteristics on earthworm toxicity. 

The earthworm toxicity of organic chemicals was shown to be dominated 
by soils’ organic matter content, and acute toxicity data can be extrapolated 
among soils on the basis of differences in organic matter content. 

For ionizable organic chemicals, soil pH may also influence earthworm 
toxicity. For heavy metals the influence of soil characteristics is hard to 
quantify, as for each metal other soil properties seem to dominate bioavail- 
ability. Results reviewed indicate that for chemicals for which the influence 
of soil properties is hard to quantify, it may be possible to extrapolate 
earthworm toxicity data among soils on the basis of sorption data. 

Results of acute toxicity studies indicate that this approach can also be used 
to extrapolate data obtained in the OECD artificial soil, which was specially 
developed for earthworm toxicity testing, to natural soils. 


Introduction 


Results obtained in laboratory toxicity tests should have some predictive 
value with respect to effects to be expected in field situations. Therefore both 
soil type and route of exposure in laboratory studies should resemble that of 
the natural situation. Preferably a substrate should be chosen which has the 
characteristics of natural soils with respect to behaviour and availability 
of the chemical. On the other hand it should be easy to sample and 
to standardize the test substrate (Committee to Review Methods for 
Ecotoxicology, National Research Council, 1981). 

In studies on earthworm toxicity described in the literature many different 
soils, both natural and artificial, are used. For reasons of standardization the 
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artificial soil substrate prescribed by OECD (1984) and EEC (1985) may be 
a good choice. This soil is made up by 10% peat, 20% kaolin clay and 70% 
sand; pH is adjusted to 6-0 + 0-5 by adding some calcium carbonate. Edwards 
(1983) supported the choice of an artificial soil, by mentioning that its 
adsorptive capacity, expressed as its CEC (Cation Exchange Capacity), was 
similar to that of a typical loam soil. CEC however, is especially important 
for the sorption of cations (Bolt and Bruggenwert, 1976), and cannot tell 
much about the sorption of organic chemicals. 

In this paper the literature on the influence of soil characteristics on 
earthworm toxicity will be reviewed. Attempts will be made to quantify the 
influence of soil properties on the earthworm toxicity of chemical substances. 


Acute toxicity tests 


HEAVY METALS 


Jaggy and Streit (1982) reported that the acute toxicity of copper for 
Octolasium cyaneum in three different soils was significantly correlated with 
soils’ organic matter content. From their results the following equation can 
be derived for the relationship between the 4-days LCs and the organic 
matter content (%OM) of the test soils: 


log (LCso) = 1-476 + 1-053 * log (%OM) (n=3; r=0-9997; p<0-01) - 


From this equation it can be concluded that an increase of the soils’ organic 
matter content by a factor of 2 will give rise to an increase of the LCs by a 
factor of 2-075. Neither soil pH nor calcium content did exert a significant 
effect on copper toxicity. 

Van Gestel and Van Dis (1988) studied the influence of soil pH and organic 
matter content on the acute toxicity of cadmium for Eisenia andrei, using 
three different soils: OECD (artificial soil: pH 7-0, 7-7% OM, 10-4% clay), 
Gilze+pH (pH 7-0, 1-7% OM, 4-3% clay) and Gilze (pH 4-1, 1-7% OM, 
4-3% clay). The resulting 14 days LCs» values in these soils were »1000, +1000 
(with 5% mortality) and 423 mg/kg, respectively, indicating that soil pH was 
the most important factor determining cadmium toxicity. 


ORGANIC CHEMICALS 


Van Gestel and Van Dis (1988) studied the influence of soil characteristics 
on the toxicity of three organic chemicals for E. andrei in the three soils men- 
tioned before (OECD, Gilze+-pH and Gilze). Their results are summarized 
in table 1. 

From these results Van Gestel and Van Dis (1988) concluded that for 
chloroacetamide soil organic matter content does not influence toxicity, 
whereas soil pH does. For DCA soil organic matter content is determining 
toxicity, and pH has no influence. Toxicity of pentachlorophenol seems to be 
infiuenced by both soil pH and organic matter content; the pH effect can be 
explained on the basis of its dissociation constant pKa of 4.74. 
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Table 1. Acute toxicity of three chemicals for Eisenia andrei in three different soils (after Van 
Gestel and Van Dis, 1988). See text for soil properties. 


Chemical LCso in mg/kg dry soil 
OECD Gilze+pH Gilze 
Chloroacetamide 40 42 13 
3,4-dichloroaniline “240 134 134 
pentachlorophenol 29 16 52 


Van Gestel and Ma (1988, 1990) determined the influence of soil character- 
istics on the earthworm toxicity of 1,2,3-trichlorobenzene (TCB), 2,4- 
dichloroaniline (DCA) and five chlorophenols: 3-chlorophenol (MCP), 2,4- 
dichlorophenol (DCP), 2,4,5-trichlorophenol (TCP), 2,3,4,5-tetrachlorophenol 
(TeCP), and pentachlorophenol (PCP). They used the OECD artificial soil 
(pH 5-9; 8-1% OM) and three natural soils: KOBG (pH 4-8, 3-7% OM), 
HOLT (pH 5-6, 6-1% OM), and WAPV (pH 3-6, 15-6% OM). Their results 
(14 days LCso values) are summarized in table 2. 


Table 2. Acute toxicity of five chlorophenols, 2,4-dichloroaniline and 1,2,3-trichlorobenzene 
for Eisenia andrei and Lumbricus rubellus in four different soils (after Van Gestel and Ma, 1990). 
See text for abbreviations and soil propertics. 


Chemica! LCso in mg/kg dry soil 

Eisenia andrei Lumbricus rubellus 
ena OE HOLT. OECD! ey Oe HOLT OFCD WATY. 
MCP 75 134 130 423 150 342 247 633 
DCP 134 240 172 423 352 486 322 680 
TCP 46 76 63 164 235 316 362 875 
TeCP 117 166 = - 515 875 - = 
PCP 84 142 83 502 1206 1013 362 2298 
DCA 142 285 319 824 201 304 190 580 
TCB 134 240 133 547 115 200 195 563 


Van Gestel et al. (1991) determined the acute toxicity of four chloro- 
benzenes for two earthworm species in two of the four soils mentioned in 
table 2, Their results are shown in table 3. 

Van Gestel and Ma (1988, 1990) demonstrated that differences between 
soils almost completely disappeared when LCs values in mg/kg dry soil were 
recalculated towards values in mg/l pore water using sorption coefficients. So, 
sorption data may be used to extrapolate earthworm toxicity data among 


Table 3. Acute toxicity of four chlorobenzenes for Eisenia andrei and Lumbricus rubellus in 
two different soils (after Van Gestel et al., 1991). See text for soil properties. ` 


Chlorobenzene LCso in mg/kg dry soil 
Eisenia andrei Lumbricus rubellus 
KOBG OECD . KOBG OECD 
mono- 240 446 547 1107 
1,4-di- 128 229 184 615 
1,2,3,4-tetra 15 223 112 201 


penta 134 238 115 201 
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soils. As sorption was shown to increase with increasing organic matter 
content of the soils, LCs9 values can be extrapolated among soils just on 
the basis of differences in organic matter content. In case of ionizable 
compounds, like chlorophenols, this approach cannot be followed. For such 
chemicals, besides organic matter content, also soil pH influences sorption. 
Van Gestel et al. (1991) found that upon correction for dissociation of the 
data for chlorophenols, sorption was significantly correlated with lipophilicity 
of the test chemicals. This opens the way to extrapolation of acute earthworm 
toxicity data between soils using sorption data calculated by means of 
QSARs. 

Heimbach and Edwards (1983) studied the influence of a number of 
variables on the toxicity of benomyl and chloroacetamide for E. fetida in 
artificial soil. Variation of the peat content between 2-5 and 10%, the use of 
kaolin or bentonite clays in amounts between 5 and 20%, and using pH values 
between 4-9 and 7-5 had little influence on the toxicity of these chemicals. 
Similarly, variation of soil moisture content (between 17-5 and 51%) did not 
influence toxicity to a great extent, and neither did temperature (between 10 
and 26°C). In case of chloroacetamide, these results are not surprisingly, as 
this substance was chosen as reference substance in OECD and EEC test 
guidelines because it does not adsorb appreciably to (artificial) soil (Edwards, 
1983). The fact that pH did not influence toxicity of chloroacetamide is 
contradictory to, the findings of Van Gestel and Van Dis (1988) mentioned 
above. For benomyl, these results are rather unexpected, as for this com- 
pound sorption onto soils’ organic matter and clay may influence earthworm 
toxicity (Lofs-Holmin, 1980). 


Sublethal toxicity tests 


HEAVY METALS 


Bengtsson et al. (1986) determined the influence of soil pH on the toxicity of 
copper, cadmium and lead for Dendrobaena rubida in a sandy soil mixed with 
cattle dung (1:2) (final soil organic matter content: 7-7-11-7%). Extractability 
with 1 M ammonium acetate of lead and cadmium was significantly increased 
by decreasing soil pH: when pH was decreased by one unit extractability was 
1-3-2 times higher. The extractability of copper was, however, not influenced 
by soil pH. Uptake of metals in the earthworms sometimes correlated with 
extractability, but at other times it did not. Accumulation of lead and 
cadmium in cocoons did not correlate with soil pH, but copper concentration 
of cocoons was twice as high at pH 6-5 compared to pH 5-5. Survival of adult 
worms was affected at low pH (4-5) for all three metals tested, and cocoon 
production was halved when pH was lowered from 6-5 to 4-5. For cadmium, 
copper and lead, at pH 6-5 cocoon production was stimulated by low metal 
concentrations, Even more striking was the effect of soil pH on the hatching 
rate: the number of hatching cocoons in the control decreased with decreasing 
soil pH, while upon exposure to the three metals at a concentration of 100 
mg/kg the opposite occurred. As only two metal concentrations were tested 
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in this study, no firm conclusions can be drawn on the relation between soil 
pH and earthworm toxicity of the metals. 

Van Gestel and Hoogerwerf (in prep.) determined the influence of soil pH 
on the toxicity of aluminium for E. andrei in artificial soil. Effects on 
growth and reproduction were studied according to a method described 
by Van Gestel et al. (1989); worms were exposed for 6 weeks (two 
periods of 3 weeks). Results in terms of NOEC values (No-Observed-Effect- 
Concentrations) are summarized in table 4. 


Table 4. Influence of soil pH on the effect of aluminium on Eisenia andrei in artificial soil (6 
weeks exposure). 


Parameter NOEC (mg Al/kg dry soil) at pH 
3-4 43 73 
survival 320 21000 21000 
growth 100 21000 324 
cocoon production R 100 100 100 
cocoon fertility 100 =1000 =1000 
juveniles/fertile cocoon 100* =1000 =1000 


* due to a very low number of cocoons reliability of this value is low 
# at higher concentrations growth was significantly increased 


From table 4 it can be concluded that low soil pH significantly increased 
aluminium toxicity. At the highest pH tested, earthworm growth was 
significantly increased (not dose-related) at high aluminium concentrations in 
soil. The effect of aluminium on cocoon production seems not to be 
influenced by soil pH. At pH 3-4, all worms died at 1000 mg Al/kg. At this 
lowest pH level cocoon production was almost completely inhibited at 320 
mg Al/kg, whereas at pH 4-3 and 7-3 it was only halved at this concentration. 
It should further be noted that in the control groups cocoon production was 
significantly reduced at pH 3-4 compared to the two higher pH soils. The 
extractability with 1 N calcium chloride of aluminium appeared to decrease 
with increasing soil pH. The effects on growth and cocoon production could, 
however, only partially be related to the amount of free aluminium in soil. 
Apparently, other factors also played a role. 

Ma (1988) determined the influence of copper on the reproduction of 
Aporrectodea caliginosa and Lumbricus rubellus in a sandy soil (4-6% OM, 
2-4% clay) in relation to soil pH. In untreated soil A. caliginosa appeared 
to be more sensitive for pH changes than L. rubellus. Cocoon production by 
L. rubellus was not affected by soil pH (values between 3-9 and 6-1); cocoon 
production by A. caliginosa was optimal at a soil pH of c. 4-9 and more than 
50% reduced at pH 3-9. From the paper of Ma (1988), ECso values for the 
effect of copper on cocoon production in relation to soil pH were estimated. 
For this purpose cocoon production was estimated from figure 1 in the paper 
of Ma (1988), and ECsg values were calculated using a logit model. The 
results of this approach are summarized in table 5. 

From table 5 it can be concluded that the effect of soil pH on copper 
toxicity is different for the two species tested. For A. caliginosa soil pH does 
not affect copper toxicity significantly, whereas for L. rubellus ECso values 
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Table 5. EC. values for the influence of soil pH on the effect of copper on the cocoon 
production by Aporrectodea caliginosa and Lumbricus rubellus in a sandy soil (based on data 
estimated from Ma, 1988). 


Species ECs, (in mg Cu/kg dry soil) at pH 

3-9 42 4:9 5-6-6:1 
A. caliginosa - 99 96 99 112 
L. rubellus 77 105. 150 177 


for the effect of copper on cocoon production decrease by a factor of about 
2 when soil pH is decreased by 2 units. 

Ma (1984) studied the effect of copper on growth, cocoon production and 
litter degradation by L. rubellus in two different soils: a loamy sand (pH 4-8, 
57% OM, 2% clay) and a sandy loam (pH 7-3, 3-4% OM, 17% clay). 
Cocoon production was more severely reduced in the sandy loam, resulting 
in NOEC values of 130 and 65 mg Cu/kg in loamy sand and sandy loam, 
respectively. This difference is probably induced by the lower organic matter 
content of the latter soil. In the sandy soil the influence of soil pH was 
studied, Cocoon production was dose related decreased at pH 4-8 and 6-0, 
but at pH 7-0 the highest dose tested (278 mg Cu/kg dry soil) did not affect 
cocoon production. 

Ma (1983) noted that there was a great difference in the performance of 
L. rubellus between the two soils: in the sandy loam worm growth, cocoon 
production, cocoon hatchability and litter decomposition were much higher 
than in the loamy sand. Considering the differences in the behaviour of 
L. rubellus between the two soils tested, Ma (1984) concludes: ‘It is apparent 
that the factors determining copper toxicity may be complex, and in addition 
are not necessarily limited to abiotic soil conditions determining the physico- 
chemical copper activity in soil.’ 


ORGANIC CHEMICALS 


Ma (1983) determined the effect of lindane on growth, reproduction and litter 
decomposition of L. rubellus in the same two soil types. In sandy loam, 
lindane appeared to be more toxic, with NOEC values of <12 and 12-=30 mg/ 
kg for sandy loam and loamy sand, respectively. Like for copper, this 
difference may be attributed to the lower organic matter content of the first 
soil. 

Lofs-Holmin (1982) determined the influence of benomy] on the reproduc- 
tion of A. caliginosa in mixtures of sandy (1-2% OM, 4% clay) or clayey 
(4-6% OM, 53% clay) soils with farmyard manure (1:1). It appeared that the 
sandy soil was unsuitable for such tests with this earthworm species, 
as already in the control some mortality occurred and no cocoons were 
produced. In the sandy soil benomyl appeared to be much more toxic than 
in the loamy soil, resulting in a much higher dose-related mortality in the first 
soil. On one hand this can be attributed to the lower adsorption capacity of 
the sandy soil. On the other hand sensitivity may be increased by the less 
optimal conditions in the sandy soil. g 


50 C.A.M. VAN GESTEL 


In a study on the growth and sexual development of A. caliginosa, 
Allolobophora chlorotica, A. rosea and L. terrestris, using similar substrates 
of sand or clay with farmyard manure, Lofs-Holmin (1980) found similar 
effects. Growth of the latter three species was better in the clayey soil. 
Toxicity of benomyl and TCA was much higher in the sandy soil. Lofs- 
Holmin (1980) concludes that the adsorptive capacity of the farmyard manure 
probably is low, as characteristics of the soils (especially difference in clay 
content) dominate the effect. 

Van Gestel et al. (1992a) found a negative correlation between growth and 
cocoon production of E. andrei in artificial soil. This phenomenon could only 
partially be explained on the basis of variation in soil characteristics. At soil 
pH values exceeding 7-0 cocoon production was significantly reduced; pH 
5-0-6-0 appeared to be optimal. As a result of this phenomenon, in reproduc- 
tion toxicity tests either growth or reproduction may be most sensitive. Van 
Gestel et al. (1992b) therefore recommend to include both parameters as 
endpoints in an earthworm reproduction toxicity test. 


Discussion 


From the literature cited in this paper, it can be concluded that only a limited 
number of data is available on the influence of soil characteristics on 
earthworm toxicity. And from.the data available, it is hard to quantify the 
influence of certain soil properties on the effect parameters studied. Further- 
more, it is suggested by some authors that differences between soils may 
induce differences in earthworm behaviour (Ma, 1983, 1984, 1988; Lofs- 
Holmin, 1980, 1982; Van Gestel et al., 1992a). As this was only reported for 
sublethal toxicity tests, especially the sensitivity of sublethal parameters, like 
growth and reproduction, may be affected by this. 


HEAVY METALS 


For metals, the situation is quite complicated. The results presented by 
Bengtsson et al. (1986) and Jaggy and Streit (1982) demonstrate that for the 
toxicity of copper for O. cyaneum and D. rubida soil pH is not so important. 
Other soil properties, like organic matter content, seem to have greater 
influence on the bioavailability of copper. When soil pH is taken as the only 
variable, it may influence earthworm toxicity of copper, as is demonstrated 
by Ma (1984, 1988). Results derived from Ma (1988) demonstrate, however, 
that the effect of soil pH on copper toxicity is also dependent on the 
earthworm species tested. For the effect of cadmium and lead on D. rubida 
soil pH is much more important, as is indicated by the results of Bengtsson 
et al. (1986). Soil pH does not affect the influence of aluminium on cocoon 
production by E. andrei, but it does affect the effect on survival, reproduction 
and growth (Van Gestel and Hoogerwerf, in prep.). 

A toxic effect of a chemical on an organism generally is the resultant of 
uptake resulting in a critical concentration in its tissues. Bioavailability can 
therefore also be determined as the degree“of accumulation in earthworms. 
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So, for heavy metals reference can be made to the literature on this aspect 
to get more insight into the soil variables determining bioavailability. Ma 
(1982) concluded that BCF values for the uptake of cadmium, lead and zinc 
from soil by earthworms increased by a factor of c. 5 when soil pH decreased 
from 6-5 to 4-5. For these three metals soil pH and CEC were the most 
important factors determining uptake by earthworms. For copper, soil pH 
was not important, and earthworm concentrations were more related with 
soils’ organic matter content and CEC. According to Ma et al. (1983) also 
soil organic matter influenced the uptake of lead from soil by earthworms. 
Morgan and Morgan (1988) found a significant relationship between the 
metal content of earthworms and soil concentrations; for copper and zinc this 
relationship could not be improved by including soil pH nor CEC, whereas 
for cadmium soil organic matter content significantly improved the relation- 
ship and so did soil pH and CEC for lead. Beyer et al. (1987) concluded from 
an analysis of the relationship between earthworm metal concentrations and 
soil variables, that ‘measuring soil variables did not substantially improve the 
ability to predict earthworm concentrations’. The only exception was soil pH, 
which was associated with usually high or low concentrations of the metals 
studied. 

From all these data it has to be concluded that in case of heavy metals, it 
is hard to quantify the influence of soil characteristics on the bioavailability 
and the toxicity for earthworms. 


ORGANIC CHEMICALS 


From the literature on acute toxicity, it may be concluded that for non- 
ionizable organic chemicals earthworm toxicity data can be extrapolated 
between soils on the basis of differences in organic matter content. This was 
shown for acute toxicity data on chlorobenzenes and dichloroaniline by Van 
Gestel and Ma (1990) and Van Gestel et al. (1991). In case of ionizable 
chemicals, like chlorophenols, soil pH may significantly affect toxicity. In 
such cases correction of the toxicity data for dissociation may improve the 
extrapolation among soils (Van Gestel et al., 1991). On the other hand, for 
such chemicals sorption coefficients can be used to extrapolate toxicity data 
between soils (Van Gestel and Ma, 1990; Van Gestel et al., 1991). 


THE USE OF SORPTION DATA 


As mentioned above, results presented by Van Gestel and Ma (1990) and 
Van Gestel et al. (1991) demonstrate that for organic chemicals sorption data 
may be useful in extrapolating earthworm toxicity data from one soil to 
another. This approach may also be useful in case of heavy metals. No 
literature data was found, however, to support this assumption. But it may 
be referred to the equilibrium partitioning concept developed in aquatic 
ecotoxicology for determining the ecotoxicological risk of pollutants in 
sediments. For this purpose it is assumed that organisms are mainly exposed 
via the sediment pore water, and that pore water concentrations can be 
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predicted on the basis of sorption data (Ziegenfuss et al., 1986; Shea, 1988; 
Giesy and Hoke, 1990). This approach also enables the extrapolation of 
toxicity data among sediments on the basis of differences in sorption 
behaviour. 

Two remarks should be made with respect to the use of sorption data. 
Firstly, sorption of chemicals onto soils can be affected by soil moisture 
content. In a theoretical way, Boesten (1990) demonstrated that for chemicals 
with a Kd > 1 the water/soil ratio does no longer influence sorption. So for 
such chemicals soil moisture content does not influence pore water concentra- 
tions. Briggs (1990) concluded that chemicals with an octanol/water partition 
coefficient (log Kow) >2 will have a Kd >1 in soils with 1-5% organic carbon 
(equal to c. 2-6% OM). It can be concluded that for such chemicals in soils 
with »2-6% organic matter earthworm toxicity will be independent of soil 
moisture content. As a consequence, for chemicals with log Kow «2 sorption 
coefficients cannot be used to extrapolate toxicity data between soils without 
taking into account differences in soil moisture content. 

A second remark to be made with regard to the use of sorption data, is 
that the equilibrium partitioning method mentioned above may no longer be 
valid for highly lipophilic chemicals. For chemicals with log Kow >5.0 oral 
uptake may become important, and exposure via pore water may no longer 
be the most important route of uptake (Landrum and Robbins, 1990). 


THE USEFULNESS OF OECD ARTIFICIAL SOIL 


The results presented by Van Gestel and Ma (1990) and Van Gestel et al. 
(1991) support the conclusion that the artificial soil prescribed by OECD 
(1984) and EEC (1985) is a good choice for earthworm toxicity tests on 
organic chemicals. It fulfils the requirements with respect to representativity 
for both behaviour and bioavailability of the chemicals. Results obtained in 
acute toxicity tests in artificial soil can be extrapolated to natural soils. The 
artificial soil can easily be standardized. To further improve standardization, it 
should be noticed that differences between lots of peat and or kaolin clay used 
may induce differences in moisture retention and pH of the artificial soil. The 
way the peat is sieved or ground may affect sorption of chemicals to the 
artificial soil. These factors need further standardization before a completely 
standardized artificial soil can be obtained. Finally, it should be noted that 
the pH of the artificial soil may increase by about 0-5 units during a 2 week 
toxicity test (Van Gestel and Van Dis, 1988); this is of importance for chemicals 
which behaviour in soil is pH dependent (e.g. metals and chlorophenols). 

No data is available to enable comparison of sublethal effects of chemicals 
in artificial soil and in natural soils. Further research on this aspect is urgently 
needed, 
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